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Excited states of the odd–odd isotope 230Pa have been identiﬁed by means of the one-neutron transfer
reaction 231Pa(d, t)230Pa at a beam energy of 22 MeV. The ground state of 230Pa is assigned to be
a 2− state. A sequence of four rotational states is measured on top of the ground state up to spin
values of 6h¯. The band head of the ﬁrst excited rotational band has an excitation energy of 48 keV,
the corresponding rotational band is observed up to a spin value of 5h¯. Based on the distribution of the
strength among the low-lying states, the Nilsson conﬁguration 1/2[530]p + 3/2[631]n is considered the
most probable conﬁguration of the ground state, leaving 1/2[530]p − 5/2[633]n for the second excited
band. The energy difference between the band heads of these two bands is compared to similar states in
other N = 139 isotones, especially the directly neighboring odd-mass isotone 229Th. Here the two neutron
orbitals 5/2[633]n and 3/2[631]n cause an extremely low-lying isomeric state.
© 2012 Elsevier B.V. Open access under CC BY license.1. Introduction
A special constellation of nuclear levels in the N = 139 actinide
isotones results in remarkable small energy differences between
nuclear ground states and ﬁrst excited states. The smallest known
excitation energy in a nucleus is found in 229Th [1–4]. Here the
ﬁrst excited state is located only a few eV above the ground state,
which is orders of magnitude smaller than the typical excitation
energies in nuclei, which is usually in the range of at least several
keV. The same Nilsson orbitals that are responsible for the tiny
energy gap in 229Th also play an important role in the neighboring
N = 139 isotones. In the next lighter odd-mass isotone 227Ra, the
energy gap between the ﬁrst excited state and the ground state is
with 1.7 keV also notably small [5].
The very low excitation energy in 229Th provides the unique op-
portunity to investigate nuclear properties with methods from the
ﬁeld of atomic physics and inspires a variety of ongoing and future
experimental investigations and applications. Compared to atomic
systems, the nuclear system has a narrow line width and is far less
sensitive to external perturbations, because of its much smaller di-
mension and the shielding by the atomic electrons. Therefore 229Th
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Open access under CC BY license.is a candidate for a next-generation clock reference with a superior
frequency accuracy [6–8]. The special properties of such a clock
would render it the ideal case for studying hypothetical temporal
variations of fundamental constants [9–11]. Moreover, the system
provides a promising case to study the effects of chemical envi-
ronment on nuclear transition rates [12]. It has been proposed to
employ 229Th as qubit for quantum computing and very recently
there was a proposal made, how a γ -ray laser can be constructed
by using 229Th [13]. Consequently, this isomer has received consid-
erable attention over the last years (see References [1,2,7,8,14–18]
and references quoted therein).
Despite the obvious high interest in 229Th, its next heavier
neighbors are rather unexplored. Only limited approaches are fea-
sible from the experimental point of view. Theoretical investiga-
tions have to cope with a high density of available single-particle
states. For the odd-mass isotone 231U, only 6 excited states are
known from electron-capture decay of 231Np [19] and ground-state
properties are also not established ﬁrmly [5].
The directly neighboring odd–odd isotone 230Pa is nearly unex-
plored, especially excited states are completely unknown [20]. The
spin and parity of the ground state was proposed to be 2− with
a K quantum number of 2 based on selection rules in the β de-
cay to 230Th and 230U [21,22]. From systematics of Nilsson states
in close-by nuclei it is assumed, that the same close-lying Nils-
son orbitals, that are responsible for the low excitation energy in
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bitals in the relevant region of the Nilsson diagram makes 230Pa
an intriguing test case for detailed microscopic calculations. If the
small splitting that leads to the extremely low-lying isomer in
229Th is preserved in the heavier isotones, another very low-lying
state above the ground state will become likely in the next heavier
odd-mass isotone 231U.
In previous work different Nilsson conﬁgurations for the ground
state of 230Pa were discussed. Comparison with 229Th and 231Pa
suggests the combination of the Nilsson orbitals 5/2[633]n for the
unpaired neutron and 1/2[530]p for the unpaired proton as “the
natural” conﬁguration [21]. But also the 3/2[631]n neutron orbital,
which gives rise to the extremely low-lying isomer in 229Th, has
to be considered as an alternative for the neutron [23,24]. Both
conﬁgurations are consistent with the spin and parity assignment
for the ground state of 2− derived from β-decay selection rules.
Valkeapää et al. [24] analyzed the β feeding to 230Th in a quan-
titative way, taking into account the expected quasi-particle com-
positions of the populated states. These have been calculated by
Soloviev and Siklos [25]. The expected log f t values for the feeding
of the K = 2+,2−,1− states are the same for both Nilsson conﬁg-
urations and in good agreement with experimental log f t values.
Only in the case of a K = 0− state a difference is expected. It is
concluded that the choice of 3/2[631]n for the neutron is more
probable than the 5/2[633]n conﬁguration. However, the conclu-
sion is described “more or less speculative”, because the 0− band-
head state is heavily mixed [24]. Based on a measurement of the
magnetic moment of the ground state of 230Pa, Herrmann et al.
discussed a static octupole deformation and proposed a completely
different conﬁguration. The proton is placed in the 5/2[642]p and
the neutron in the 1/2[631]n orbitals [26]. Applying the Gallagher–
Moszkowski rule [27], this would yield a 2+ ground state instead
of a 2− state.
In this work, the odd–odd isotope 230Pa is studied with the
one-neutron transfer reaction 231Pa(d, t)230Pa. Experimental results
on the spin and parity of the ground state, the Nilsson conﬁgu-
rations and the energy splitting of the ﬁrst two rotational bands
in the odd–odd isotope 230Pa are presented and compared to the
ﬁndings in the neighboring odd-mass isotones.
2. Experimental setup
The reaction 231Pa(d, t)230Pa was used to produce and study
the ground state and excited states of the isotope 230Pa at the
Maier-Leibnitz-Laboratorium in Garching. The radioactive 231Pa tar-
get was prepared by the local target laboratory by evaporating
the radioactive material on a thin carbon backing with a thick-
ness of 22 μg/cm2. The resulting 231Pa target had a thickness of
140 μg/cm2 and a radioactivity of 28 kBq. The target was bom-
barded by a polarized deuteron beam with an energy of 22 MeV
delivered by the Garching Tandem accelerator. The polarized beam
was generated with a Stern–Gerlach source [28] and the value of
the vector polarization was determined to be 80%, using a well-
known reaction on a 65Cu target as calibration measurement [29].
The available beam current amounted to between 600 nA and
900 nA.
The tritons from the 231Pa(d, t)230Pa reaction were guided
through the Munich Q3D magnetic spectrometer [30]. Their energy
spectrum was deduced from the position information detected at
the focal plane by a multi-wire proportional chamber with individ-
ual cathode strip readout for position determination and E/Erest
for particle identiﬁcation [31]. Measurements were performed at
several positions of the spectrometer between 5◦ and 45◦ , re-
spectively, and angular distributions of the cross section and the
analyzing power were recorded.Fig. 1. Low energetic part of the excitation spectrum of the odd–odd isotope 230Pa
measured at an angle of 20◦ . For the full spectrum and a list of states we refer to
our forthcoming report [32].
Particular attention was given to the energy calibration of the
spectrometer, in order to obtain reliable and precise energy infor-
mation for the completely unknown excitation spectrum of 230Pa.
Two independent in-beam calibration measurements employing
the reactions 234U(d, t)233U and 230Th(d, t)229Th were performed
with the same settings of the magnetic spectrometer. The spec-
tra of 233U and 229Th were calibrated over the full relevant energy
range with well-known peaks from these isotopes. The calibra-
tion results from the two known isotopes are used for the un-
known energy spectrum of 230Pa, taking into account an energy
off-set caused by the Q-value differences between those reactions.
The uncertainty of this procedure, combined with statistical errors,
adds up to an overall energy uncertainty of 1 keV for the new level
energies obtained for 230Pa.
Ten energy peaks are identiﬁed up to an excitation energy
of 170 keV in all triton energy spectra from the reaction
231Pa(d, t)230Pa measured at different angular positions of the Q3D
spectrometer. Fig. 1 shows this part of the excitation spectrum at
an angular position of the Q3D spectrometer of 20◦ with respect
to the beam direction. The energy resolution (FWHM) varies from
6.9 keV at the ground-state energy to 7.3 keV at 170 keV. All peaks
show a line shape with a clear tail towards higher excitation en-
ergies. This high-energy tail corresponds to energy losses in the
uncalibrated raw energy spectrum. Six peaks, most noticeable the
one at approximately 66 keV, are members of close-lying doublets.
In these cases the ﬁt procedure with double peaks results in con-
sistent values for the peak widths and improved χ2-values with
respect to single peak ﬁts. For more details of the experimental
setup and the data analysis we refer to the published results of
the calibration reaction 234U(d, t)233U [33], and to a forthcoming
extended report on the results for higher-lying states in 230Pa [32].
This Letter concentrates on the results obtained for the ground
state and the ﬁrst excited quasi-particle state, as well as the rota-
tional states built on top of it.
3. Analysis and results
Since the ground state of the used target nucleus 231Pa is the
3/2− state of the K = 1/2 band with the Nilsson conﬁguration
1/2[530]p , all states populated in the neutron transfer reaction
231Pa(d, t)230Pa have to have the proton in the 1/2[530]p conﬁg-
uration. Taking this into account, the conﬁguration 5/2[642]p −
1/2[631]n , proposed by Herrmann et al. [26], can ﬁrmly be re-
jected, as the ground state is clearly identiﬁed in all our spectra.
Consequently, the conﬁguration of the ground state is 1/2[530]p
for the proton and either 5/2[633]n or 3/2[631]n for the neutron.
For both cases the Gallagher–Moszkowski rule states that spin and
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mental values are shown compared to the expectations from energy systematics for
K = 2 bands. The rotational parameter of the ﬁrst band (a) is A = 4.71(1) keV and
for the second band (b) it is A = 3.9(1) keV.
parity of the ground state is 2− . This is an independent experimen-
tal conﬁrmation of the earlier spin and parity assignment based on
β-decay selection rules.
The possibility of a close-lying doublet at the ground-state po-
sition was investigated and excluded for the following reasons. The
attempt to ﬁt a double structure to the data failed if a line width
of 6.9 keV and the known line shape were required. All ﬁt at-
tempts resulting in a potential double structure yield unreasonably
small peak widths and no improved χ2-values. Moreover, in case
of a close-lying doublet also the excited states from two rotational
bands are expected to be visible in our spectrum. A degenerated
doublet structure should become clearly resolvable at higher spins,
if the moments of inertia and the related two rotational parame-
ters differ by at least a small amount. No indication for a doublet
structure is found in our analysis of higher-lying states of the
ground-state band. The analysis of the energy peaks at different
angular positions of the Q3D spectrometer conﬁrms these ﬁnd-
ings.
Rotational bands usually follow the formula E I = EK + A ·
I(I + 1)− A · K (K + 1) for the excitation energy of the band mem-
bers. The ground-state band was determined up to the 6− state by
employing this energy systematic for a band with K = 2. The rota-
tional parameter of this band is A = 4.71(1) keV. Fig. 2(a) shows a
comparison of the experimental states with the expected energies
of this band. The ﬁrst state, that does not ﬁt into this very regu-
lar rotational sequence, is the state at an energy of 48 keV. After
careful considerations of other possibilities, this state is found to
be the band head of another K = 2− band with a rotational pa-
rameter of A = 3.9(1) keV. The band is unambiguously observed
up to the 5− state at an energy of 146 keV. At the calculated
energy of the 6− state at 189 keV there is no peak observed in
the spectra. The experimental and calculated energies of the sec-
ond excited band are shown in Fig. 2(b). The agreement between
measured and calculated energies for this band is slightly worse
than in the case of the ground-state band. If the energy of the sec-
ond state is allowed to deviate more from the observed value of
69 keV, this would result in an increased rotational parameter of
4.1(1) keV. This yields the excitation energies of 48 keV, 72.6 keV,
105.4 keV, 146.4 keV and 195.6 keV for a sequence of 2− to 6−
states and would improve the predictions for the energies of the
higher members of this band. In this case the peak at an energy of
199 keV is a candidate to be a member of this sequence.
As already stated, the Nilsson conﬁguration of the ground-state
rotational band is either 1/2[530]p − 5/2[633]n or 1/2[530]p +
3/2[631]n . Depending on which option is true for the ground state,
the conﬁguration of the second excited band is expected to be the
other conﬁguration. Predictions from the semi-empirical model ofFig. 3. Measured strength values (a) for the states of the ﬁrst two rotational bands
in 230Pa (marked by × and ◦ for distinction of the two bands) at an angular
position of the Q3D spectrometer of 20◦ with respect to the beam line. The ex-
perimental results are ﬁrst compared to expected strengths assuming the ground
state has the Nilsson conﬁguration 1/2[530]p − 5/2[633]n (b). Next a comparison
is made with the assumption that the ground state has the Nilsson conﬁguration
1/2[530]p + 3/2[631]n (c). The strength values are calculated using values for spec-
troscopic strengths published by Burke et al. [35] for 229Th.
Struble et al. [34] for the band structure of odd–odd nuclei yield
approximately the same rotational parameter for both conﬁgura-
tions, therefore a distinction between both conﬁgurations based
on the rotational parameter cannot be deduced. It is noteworthy,
that the predicted value of 4.7 keV is in very good agreement
with the experimental value of 4.71(1) keV for the ground-state
band.
Comparisons of the measured angular distributions of the cross
section and the analyzing power with predictions from DWBA (dis-
torted wave Born approximation) calculations usually allow for
unambiguous spin and parity assignments. Moreover, the distri-
bution of the spectroscopic strength within a rotational band is
a powerful tool to study the Nilsson structure of states, as those
distributions are characteristic for the underlying Nilsson conﬁgu-
ration. These methods are very reliable for reactions on even target
nuclei. However, taking the spin 3/2− of the odd target nuclei
231Pa into account, for every ﬁnal-spin state the distributions of
four angular momentum transfers contribute to the experimental
angular distribution. Each of these contributions is weighted by a
Clebsch–Gordan coeﬃcient and a spectroscopic strength, which is
speciﬁc for the involved Nilsson conﬁguration. The superposition
of the different contributions destroys the pronounced structure of
the measured angular distributions, which is known from transfer
reactions on even target nuclei. The observed analyzing power was
featureless, because in most cases both the j = l + 1/2 and the
j = l − 1/2 transfer channels are involved with comparable mag-
nitude and cancel each other due to opposite sign. Therefore the
measured angular distributions are of limited use in this experi-
ment and do not provide unambiguous results.
Instead, a comparison of the experimental strengths measured
at one angular position of the Q3D spectrometer with predic-
tions from DWBA calculations [37] was carried out, in order
to decide over the Nilsson conﬁguration of the two discussed
bands. Fig. 3(a) shows the experimental strength of the states
belonging to the two K = 2− bands. To calculate the expected
strength, the spectroscopic strengths for the involved Nilsson con-
ﬁgurations are required. These values are taken from calculations
for the neighboring isotone 229Th [35]. There theoretical values
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timation in 230Pa. With this the strength pattern for the two pos-
sible conﬁguration assignments can be calculated and compared
to the experimental strength. The scenario where the ground-
state conﬁguration is 1/2[530]p + 3/2[631]n is shown in Fig. 3(c)
and describes the experimental values quite well. All measured
states of the ground-state band and their relative intensities are
correctly estimated. For the excited band the situation is less
clear. The relative intensities and their staggering are not quite
right. The intensity of the strong peak at 104 keV is under-
predicted. The second band is better described by the scenario,
given in Fig. 3(b), where 1/2[530]p + 3/2[631]n is the conﬁgura-
tion of the second band and the conﬁguration of the ground-state
band is 1/2[530]p − 5/2[633]n . In this case the 6− state is calcu-
lated to show a large cross section. This would be supported by the
possibility to identify the strong peak at 199 keV with that state.
But this scenario fails to describe the ground-state band. The sec-
ond scenario shown in Fig. 3(c) describes the relative intensities
of most peaks reasonable well, especially the intensity distribu-
tion in the double structure near 66 keV, and it reproduces the
strongest peaks at 66 keV and 170 keV. The cross section of the
6− state of the second band is calculated to be weak in this sce-
nario. This would not contradict the identiﬁcation of the state at
199 keV with the 6− state of that band. Based on these com-
parisons, the ground state is considered to be more likely the
1/2[530]p + 3/2[631]n conﬁguration. However, for a more reli-
able comparison speciﬁc theoretical values for the spectroscopic
strengths including Coriolis effects in the isotope 230Pa would be
required.
4. Discussion and conclusion
In summary, the ground state of the odd–odd isotope 230Pa is
ﬁrmly assigned to be a 2− from the new experimental data. Its
rotational band is observed up to the 6− state. A very close-lying
doublet cannot be excluded entirely within the experimental reso-
lution, however none of its rotational states show any indication of
such a double structure. Instead, there is a clearly resolved excited
state at an excitation energy of 48 keV with a regular rotational
band and reasonable cross section. The Nilsson conﬁguration of the
ground state is more probably 1/2[530]p + 3/2[631]n . The alter-
native assignment of 1/2[530]p − 5/2[633]n cannot be completely
excluded, but the 1/2[530]p + 3/2[631]n conﬁguration is favored
due to the analysis of the strength distribution. The conﬁguration
of the ﬁrst excited band with a band-head energy of 48 keV is
most likely 1/2[530]p − 5/2[633]n . These ﬁndings support the re-
sults of the β-decay analysis done by Valkeapää et al. [24]. The
obtained results are in contradiction to the latest Nuclear Data
Sheets, where the other conﬁguration is cited as the more prob-
able one [20].
Regardless of which interpretation is chosen, there is a clear
separation of 48 keV between the conﬁguration containing the
5/2[633]n neutron orbital and the one which contains the
3/2[631]n neutron. Fig. 4 compares the new ﬁndings with results
from neighboring odd-mass and odd–odd N = 139 isotones. In
the lighter odd-mass isotones those two conﬁgurations are very
close to each other. In 229Th the two states are only separated
by a few eV and give rise to the uniquely low-lying isomer. Here
5/2[633]n is the ground-state conﬁguration and 3/2[631]n is the
excited state. In 227Ra the 3/2[631]n state is the ground state and
the 5/2[633]n state is the ﬁrst excited state, which is situated only
1.7 keV above the ground state [5]. Whereas in the lighter odd–
odd isotone 228Ac, between 227Ra and 229Th, a clear separation of
several keV is observed between states containing those two con-
ﬁgurations. The ground state has the conﬁguration 3/2[651]p +Fig. 4. Level energies of states with the last neutron in the 3/2[631] or the 5/2[633]
conﬁguration in the odd-mass (a) and odd–odd (b) N = 139 isotones. Excitation
energies are given in keV.
3/2[631]n and the conﬁguration 3/2[651]p − 5/2[633]n is found
at an excitation energy of 33.1 keV [36]. This is similar to the
odd–odd 230Pa, where an energy gap of 48 keV is established
between the two states with the neutron in the 5/2[633]n or in
the 3/2[631]n orbital. However, the energy spacing in the odd–
odd nuclei is not directly comparable to the odd-mass case, since
every state results from a proton–neutron coupling. Consequently,
a clear separation of states containing the neutron in the lower
or the upper Nilsson orbital is not in contradiction to very small
energy differences between the two orbitals. For the next heav-
ier odd-mass isotone 231U, no relevant data is available. Here the
ground state is believed to have the conﬁguration 5/2[752]n , but
5/2[633]n and 3/2[631]n are also discussed [5]. It would be in-
triguing to see, whether the small separation between those two
latter conﬁgurations, is found in this isotope as well. It seems even
conceivable that a low-lying state in 231U exists similar to its fa-
mous neighbor 229Th.
Recently, theoretical results on the level sequence in 229Th were
obtained with state of the art Hartree–Fock and Hartree–Fock–
Bogoliubov calculations by Litvinova et al. [11]. The very small en-
ergy difference of the eV isomer was not reproduced. The smallest
energy difference between the 5/2+ and 3/2+ state was 46 keV
and is in agreement with typical excitation energies from neigh-
boring nuclei. The necessity for a solid and detailed understanding
of the underlying nuclear structure is an important prerequisite
for the right description of the peculiar conﬁguration at 229Th. In
view of the presently achievable accuracy of e.g. Hartree–Fock or
Hartree–Fock–Bogoliubov calculations to determine the Coulomb
energy difference of the almost degenerate ground-state doublet
in 229Th, signiﬁcant progress in the nuclear models is mandatory
before quantitative conclusions on a potentially enhanced sensitiv-
ity of a measured temporal variation of the 229mTh ground-state
transition frequency could be drawn on a corresponding suspected
temporal drift of fundamental constants (like the ﬁne-structure
constant α) [11]. The results on ground-state properties and ex-
cited states in 230Pa provide new experimental input and will
hopefully contribute to a reﬁned theoretical understanding of this
intriguing region of the chart of nuclei.
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